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a b s t r a c t
In-vivo estimates of the positions of knee ligament attachment sites are crucial for subject-speciﬁc knee
modelling. The present study provides template digital models of femur, tibia and ﬁbula that embed the
positions of centroids of the origins and insertions of cruciate and collateral ligaments, along with
information on their dispersion related to inter-individual variability. By using a shape transformation
procedure of choice, these templates can be made to match anatomical information measured on a
subject under analysis. Generic bone digital models of the femur, tibia and ﬁbula were ﬁrst chosen as
bone templates. Ligament attachment areas were accurately identiﬁed through dissection on the bones
of 11 knee specimens, and marked using radio opaque paint. Digital models of these bones embedding
the positions of the centroids of the identiﬁed ligament attachment areas were thereafter obtained using
medical imaging techniques. These centroids were mapped onto the relevant bone template, thus
obtaining a cloud of 11 points for each attachment site, and descriptive statistics of the position of these
points were thereafter determined. Dispersion of these positions, essentially due to inter-individual
variability, was below 6 mm for all attachment areas. The accuracy with which subject-speciﬁc ligament
attachment site positions may be estimated using the bone template models provided in this paper was
also assessed using the above-mentioned 11 specimens data set, and a leave-one-out cross validation
approach. Average accuracy was found to be 3.371.5 mm and 5.872.9 mm for femoral and tibial/ﬁbular
attachment sites, respectively.
1. Introduction
Musculoskeletal models of the knee joint are commonly used
in several contexts. In human movement analysis, for example,
they are included in multi-body optimization methods with the
intent of reducing propagation of thigh and shank soft tissue
artefacts for the estimation of skeletal kinematics (Clément et al.,
2015; Gasparutto et al., 2015). Knee models are used to predict
muscle and ligament forces, as well as bone loading, in order to
investigate the key factors involved in injury, tissue degeneration
or regeneration (Mokhtarzadeh et al., 2014; Yang et al., 2010).
Models of the knee joint are also used to design and assess pros-
thetic implants or to devise custom made patient-speciﬁc
instruments to improve the accuracy of implants’ positioning
(Schotanus et al., 2016), as well as in orthopaedic reconstruction
procedures (Marra et al., 2015), computer-aided orthopaedic sur-
gery, and in surgery planning (Duarte et al., 2014).
In the above-mentioned contexts, models that represent the
anatomy and function of the active and passive components of the
knee of a speciﬁc living subject are often required (Clément et al.,
2015; Marra et al., 2015; Yang et al., 2010). This implies accurately
determining the 3-D location of the centroids of knee ligament origin
and insertion areas (hereinafter referred to as ligament endpoints), on
experimentally acquired or estimated subject-speciﬁc bone digital
models (Ascani et al., 2015; Li et al., 2009). Ligaments involved are:
anterior and posterior cruciate ligaments (ACL and PCL), deep and
superﬁcial bundles of the medial collateral ligaments (MCLd and
MCLs), and the lateral collateral ligament (LCL).
Extensive literature exists that describes the positions of knee
ligament attachment areas as obtained ex-vivo. Most of the studies
focused on ACL and PCL (Doi et al., 2009; Guo et al., 2009; Lorenz
et al., 2009; Osti et al., 2012; Piefer et al., 2012; Zheng et al., 2014),
whereas few works have dealt with MCLd, MCLs, and LCL (LaPrade
et al., 2007; Liu et al., 2010). All these studies aimed to provide
surgeons and clinicians with a detailed, although generic, mor-
phological description of the ligament attachment areas required
to perform ligament reconstructions. This information, however,
does not allow for the in-vivo identiﬁcation of subject-speciﬁc
ligament endpoints.
A number of studies have focused on this latter problem using
medical imaging techniques, such as magnetic resonance imaging
(MRI) (Ladd et al., 2010), computed tomography (CT) (Ascani et al.,
2015; Yoo et al., 2010), or radiography (Wijdicks et al., 2009). However,
these techniques are time-consuming, expensive and, when ionizing
radiation is involved, invasive for the subjects. Furthermore, results
obtained using MRI may be characterized by signiﬁcant inter- and
intra-observer variability, thus leading to errors in the order of 32 mm
(Rachmat et al., 2014), that are exceedingly large when used to gen-
erate subject-speciﬁc knee models.
A feasible alternative to obtain subject-speciﬁc knee ligament
endpoints could be based on generic digital models of femur, tibia
and ﬁbula (to be considered as bone templates) that embed these
endpoints (Bergamini et al., 2011; Hausselle et al., 2014). The bone
template may thereafter be submitted to a shape transformation
procedure aimed at matching it with anatomical information
about the corresponding bone of the subject under analysis,
obtained using a non-invasive and doable experimental procedure.
In this way subject-speciﬁc bone models embedding the relevant
ligament endpoints can be obtained (Lew and Lewis, 1977; Lewis
et al., 1980). This procedure can be particularly beneﬁcial in clinical
contexts where low dose bi-planar X-ray imaging can be routinely
used to obtain 3D bone models: enhancing these models by add-
ing the subject-speciﬁc ligament endpoint positions, in fact, would
allow surgeons to have access to this information without com-
plicating or interfering with the typical procedure.
The purpose of the present study is twofold: ﬁrst, to provide
digital templates of femur, tibia and ﬁbula embedding the 3-D
position of knee ligament endpoints, along with information on
their dispersion related to inter-individual variability. Second, to
validate the use of these generic models to obtain subject-speciﬁc
knee ligament endpoints. To the aim of obtaining the digital
templates, generic bone models of the femur, tibia and ﬁbula were
ﬁrst chosen as bone templates. Lower-limb specimens were dis-
sected and the ligament attachment areas marked and reported on
the respective bone models. The relevant bone models embedding
the marked ligament attachment areas were matched to the
respective bone template and their centroids averaged. To the aim
of validating the use of these generic models to obtain subject-
speciﬁc knee ligament endpoints, the centroid positions were then
estimated, applying a shape transformation procedure to the bone
templates and using a leave-one-out cross validation approach,
and their accuracy assessed in terms of their Euclidean distance
with respect to the measured positions.
2. Methods
2.1. Lower limb specimens and bone digital models
Eleven lower limb specimens were harvested from subjects aged between 47
and 79 years and fresh frozen. Each specimen included femur, patella, ﬁbula and
tibia and intact joint passive structures and exhibited no trauma, surgery or evident
deformity. Specimens were thawed at room temperature for 24 h and three tan-
talum balls (diameter¼2 mm) were pierced into both the distal epiphysis of the
femur and the proximal epiphysis of the tibia before beginning the experimental
session. These balls were used to register the information obtained by the different
instrumentation used in this study, as described in Section 2.4.
Two orthogonal digital radiographs of each specimen (whole femur, tibia and ﬁbula
bones, i.e. epiphyses and diaphyses) were simultaneously acquired using a low dose
X-ray system (EOS
s
, EOS-imaging, France) and 3-D digital models of the 11 femurs, tibias
and ﬁbulas (referred to as specimen-speciﬁc bone models) were obtained through a
shape reconstruction algorithm described and validated in previous studies (Chaibi et al.,
2012; Quijano et al., 2013). This algorithmwas selected as representative of the existing
shape transformation methods that match generic bone templates to subject-speciﬁc
bones, relying on partial morphological information of the latter. Brieﬂy, it is based on
the following steps: (i) identiﬁcation and labelling of anatomical landmarks on the
radiographic images in order to set the main descriptors of each bone; (ii) generation of
a simpliﬁed personalized parametric model (SPPM) based on statistical inferences; (iii)
deformation of a 3D generic morpho-realistic model towards the SPPM using moving
least squares and kriging techniques until the best estimate of the subject-speciﬁc bone
model is obtained (Fig. 1). The discrepancy between a subject-speciﬁc model of a femur
or tibia, obtained using this procedure and the relevant CT-scan model, was assessed in
previous studies and its 95% conﬁdence interval was found to be lower than 3.2 mm in
the bone epiphysis areas (Chaibi et al., 2012; Quijano et al., 2013). In addition, the
interoperator and landmark identiﬁcation and its impact on anatomical frame calcula-
tion was evaluated by Schlatterer et al. (2009) and Pillet et al. (2014).
The tantalum balls pierced in each bone were manually identiﬁed on the
radiographs and their coordinates in the X-ray system reference frame obtained.
The repeatability of this identiﬁcation was in the order of 0.1 m (Dagneaux et al.,
2015). Femur and tibia anatomical frames were then deﬁned as suggested in
Schlatterer et al. (2009) (Fig. 1). It is worth to underline that the deﬁnition of the
anatomical systems of reference proposed by Schlatterer et al. (2009) does not
require any manual (or virtual) palpation of anatomical landmarks on the femur is,
therefore, not prone to the intra- and inter-operator variability associated to the
identiﬁcation of these landmarks (Della Croce et al., 1999) required to deﬁne ana-
tomical frames according to the ISB convention (Wu et al., 2002).
2.2. Identiﬁcation of ligament attachment areas and registration with the bone digital
models
Each specimen was fully dissected and the attachment areas of the following
ligaments were identiﬁed by an experienced surgeon: ACL, PCL, MCLd, MCLs, and LCL.
A radio opaque paint composed of barium sulphate was used to mark the ligament
attachment areas after removing each ligament (Fig. 2a). High resolution CT scans of
Fig. 1. Femur and tibia bone models and anatomical systems of reference
(Schlatterer et al., 2009). (a) Femur: OF (origin): mid-point of the segment joining
the centres of the two condylar spheres, obtained by least squares approximation
of the posterior portion of the medial and lateral epicondyles; YF: axis going from
OF to the centre of the femoral head; ZF: projection onto the plane orthogonal to YF
of the segment joining the centres of the two condylar spheres (dashed line);
XF: cross product between YF and ZF. (b) Tibia: OT (origin): centroid of the tibial
plateaux; YT: axis going from the centroid of the tibial pilon surface to the inter-
section between the principal inertial axis of the tibial diaphysis (dashed line) and
the tibial plateaux surface; ZT: projection onto the plane orthogonal to YT of the
segment joining the most posterior points of the tibial plateaux (dashed line);
XT: cross product between YT and ZT.
each distal femur and proximal tibia/ﬁbula epiphyses were thereafter taken (Fig. 2b)
(Philips, Best, The Netherlands; thickness¼0.67 mm, distance¼0.33 mm) and digital
representations of the ligament attachment areas and tantalum spheres in the CT scan
reference frame obtained using the Avisos software (Burlington, MA, US). It is worth
underlining that in the present study, only the epiphyses of each bone were CT
scanned as the rest of the bone was unavailable due to concurrent research studies.
Given the accuracy with which the specimen-speciﬁc bone models were obtained
using the X-ray system (see Section 2.1), we consider this circumstance to have no
impact on the end results.
The coordinates of the tantalum spheres, available both in the X-ray and CT
scan spaces, were used to register the reference frames of the two systems, and a
representation of the attachment areas of each ligament was obtained on the
corresponding specimen-speciﬁc bone model. It should be noted that, due to the
fact that the bone models obtained in the X-ray and CT-scan environments do not
perfectly coincide, the registration between the two system reference frames might
have as a consequence the fact that the ligament endpoints are rarely located
exactly on the bone model surface. The contour points of each area were thus
projected onto the surface of the specimen-speciﬁc bone model according to the
following procedure: ﬁrst, a least squares plane approximating the attachment area
was determined; second, the direction orthogonal to this plane and pointing
towards the bone model surface was identiﬁed; third, each contour point was
projected onto the bone model surface along this direction (the maximal geometric
distance between the points of the contours and the bone surface was equal to
3.5 mm). Finally, for each specimen-speciﬁc bone model, the centroid of each
ligament attachment area (for the sake of brevity referred to as true endpoint, pt )
was calculated and its 3-D position expressed with respect to the relevant bone
anatomical reference frame (Fig. 1).
2.3. Digital bone templates
Generic bone digital models of the femur, tibia and ﬁbula were obtained by
reconstruction of CT-scan images of one specimen and chosen as bone templates.
A bone anatomical reference frame was associated with each bone template
according to Schlatterer et al. (2009).
2.4. Ligament endpoints mapping on femur, tibia and ﬁbula bone templates
To embed the 3-D position of the ligament endpoints in the available generic
bone models, each specimen-speciﬁc bone model carrying the coordinates of the
associated true endpoints, was scaled and deformed using a kriging algorithm
(Trochu, 1993) to match the bone templates, either the femur or the tibia/ﬁbula,
mentioned in Section 2.3. Through this procedure, the true endpoints were mapped
on the relevant bone template. In this way, for each ligament attachment site, the
coordinates of 11 endpoints (one for each specimen) were obtained (Fig. 3) and
expressed in the bone template anatomical reference frame. The mean of the
endpoint coordinates was calculated for each ligament attachment site, and
referred to as the template mean endpoint (pm) (Fig. 3). The dispersion of the 11
endpoint positions around pm , was quantiﬁed as the standard deviation of the
endpoint coordinates for each ligament attachment site. Although this dispersion is
due to both experimental errors and inter-specimen variability, the latter phe-
nomenon was expected to play a major role, given the accuracy with which digital
bone models are obtained using the selected shape transformation procedure, as
reported in Section 2.1.
The information required to represent the 3-D coordinates of the template
mean endpoints in the anatomical reference frames deﬁned in the ISB recom-
mendations (Wu et al., 2002), was also obtained. To this aim, a virtual palpation
procedure was performed on the bone templates by an expert surgeon and the
following bone landmarks were identiﬁed and expressed in the template anato-
mical reference frame chosen for the present study (Schlatterer et al., 2009):
medial and lateral epicondyles for the femur; tip of the medial and lateral malleoli,
the most medial point on the border of the medial tibial condyle, the most lateral
point on the border of the lateral tibial condyle, and the tibial tuberosity for the
tibia. In addition, the femoral head was ﬁtted to a sphere, and the 3-D position of its
centre computed.
Fig. 2. (a) View of the proximal epiphysis of a randomly chosen tibia and the distal epiphysis of a randomly chosen femur, showing the different ligament attachment areas
marked with the radio opaque paint (white marks). (b) CT scan images of tibia and femur epiphyses. The ligament attachment areas marked with the radio opaque paint are
clearly visible in white.
Fig. 3. (a) Posterior view of the femur and tibia bone templates embedding the endpoints of each ligament attachment area (left side), and the corresponding mean
endpoints, pm (right side), (b) anterior view, (c) lateral view, (d) medial view.
2.5. Accuracy in the estimation of subject-speciﬁc ligament endpoint positions
The specimen-speciﬁc position of each ligament endpoint was estimated fol-
lowing a leave-one-out cross-validation approach. For each ligament endpoint, one
specimen at a time was excluded from the analysis and the mean of the remaining
10 out of 11 endpoints was computed and represented in the bone templates. The
shape transformation algorithm previously mentioned (Chaibi et al., 2012; Quijano
et al., 2013) was applied to the bone templates embedding the ligament endpoints
thus obtained, to match the radiographic images of the left-out specimen. In this
way, for each specimen-speciﬁc bone model, an estimate of the position of each
ligament endpoint, referred to as estimated endpoint (pe), was obtained and
expressed in the relevant bone anatomical reference frame. The accuracy of this
estimate was assessed as mean7one standard deviation of the Euclidean distance
between pt (deﬁned in Section 2.2) and pe .
3. Results
The 3-D position of each ligament attachment site mean end-
point, pm, represented in the bone template anatomical reference
frames deﬁned in Fig. 1, is reported in Table 1. The femur, tibia and
ﬁbula digital bone templates carrying these 3D coordinates are
provided as Supplementary material. The information required to
represent these coordinates in the femur and tibia/ﬁbula anato-
mical reference frames as deﬁned in the ISB recommendations
(Wu et al., 2002) are also provided as Supplementary material.
The dispersion of all ligament endpoint positions is presented in
Fig. 4. This dispersion was below 4.0 mm for all ligament endpoints,
except for the tibial endpoint of the MCLd (X component¼4.4 mm)
and of the MCLs (Y component¼6.0 mm).
The results regarding the accuracy with which subject-speciﬁc
ligament endpoint positions can be estimated are reported in
Table 1. Average accuracy was found to be 3.371.5 mm and
5.872.9 mm for femoral and tibial/ﬁbular endpoints, respectively.
4. Discussion
In the present study, subject-speciﬁc anatomical information,
obtained through dissection and imaging techniques from lower
limb specimens, was used to obtain reference positions for the
origin and insertion centroids (true endpoints) of the cruciate and
collateral knee ligaments. The 3-D coordinates of these ligament
endpoints were mapped onto digital bone templates of femur,
tibia and ﬁbula and made available together with information on
their dispersion. The accuracy with which subject-speciﬁc liga-
ment endpoint positions may be estimated using these bone
templates was assessed in terms of Euclidean distance between
estimated and true endpoint positions.
For what concerns the femur, the positions of all subject-
speciﬁc ligament endpoints were estimated with average errors
smaller than 4.0 mm. Slightly lower accuracy was obtained for the
positions of the endpoints on the tibial/ﬁbular bones, particularly
for the collateral ligaments, for which errors increased to 5.2 mm,
6.7 mm, and 9.5 mm for the LCL, the deep (MCLd) and superﬁcial
(MCLs) bundles of the MCL, respectively. These values are in
agreement with the study of Ascani et al. (2015), which reports
maximal errors of 8.0 mm (for the femoral attachment sites) and
11.3 mm (for the tibial/ﬁbular attachment sites) in estimating
subject-speciﬁc ligament endpoints from CT images using MRI
data as a reference. It must be noted that current results cannot
easily be compared with most of the existing literature estimating
subject-speciﬁc ligament endpoints in-vivo using imaging techni-
ques (Ladd et al., 2010; Wijdicks et al., 2009; Yoo et al., 2010), since
these studies provide the ligament attachment area locations only
with respect to anatomical landmarks that are commonly used by
surgeons during knee surgery and do not provide information
about the accuracy with which these locations are obtained.
The greater errors obtained in estimating the collateral liga-
ment endpoint positions on the tibia/ﬁbula relative to the femur
are probably due to the much greater dispersion of the former
(up to 6.0 mm) with respect to the latter (up to 3.0 mm, Fig. 4).
This dispersion can be hypothesized as due to a correspondingly
large inter-individual variability of these attachment sites (Liu
et al., 2010), and cannot be taken into account when using the
template mean endpoint pm to estimate the subject-speciﬁc liga-
ment endpoint positions. The relevance of the reported errors,
however, depends on how the estimated information is used, and
must be evaluated in terms of impact on the parameters con-
sidered for the application of interest (i.e. ligament length
variation, ligament strain, or tunnel location during ligament
reconstruction).
It is worth noting that, in the present study, the anatomical
information necessary to match the femur and tibia/ﬁbula bone
templates to specimen-speciﬁc bone models was obtained using a
low dose biplanar X-ray system, which is an imaging technique
that can be used in-vivo and, thus, often employed in the clinical
context. For those contexts where imaging techniques cannot be
used, the necessary anatomical information may be derived by
acquiring partial features of the bones through stereo-
photogrammetry and manual palpation of superﬁcial landmarks
selected over the areas of the bone covered with a thin layer of soft
Table 1
Mean coordinates (pm) over the 11 ligament endpoint positions as obtained on the
femur, tibia and ﬁbula bone templates, for each ligament attachment site, expres-
sed with respect to bone-embedded anatomical reference frames (Schlatterer et al.,
2009). The Euclidean distance between the estimated (pe) and true (pt ) endpoint
positions is also reported in terms of mean and one standard deviation.
Ligament pm (mm) Accuracy assessment
(mm)
X Y Z Euclidean distance
between pe and pt
Femur ACL 5.0 3.6 11.9 3.9 71.6
PCL 6.1 7.8 7.8 2.7 71.5
MCL 3.4 2.4 41.7 3.6 71.7
LCL 1.8 6.5 42.2 3.0 71.3
Tibia/Fibula ACL 5.1 4.4 0.5 3.6 71.2
PCL 13.7 5.6 3.1 3.9 70.7
MCLd 2.7 9.5 38.4 6.7 73.6
MCLs 11.7 58.5 18.0 9.5 77.0
LCL 16.5 29.6 45.4 5.2 72.0
Fig. 4. Dispersion (one standard deviation of the X, Y, and Z coordinates) of the
eleven ligament endpoint positions as obtained, for each attachment site, on the
femur and tibia/ﬁbula bone templates.
tissue (Donati et al., 2008, 2007; Luo et al., 2009), therefore
without the use of any medical imaging techniques. The accuracy
with which subject-speciﬁc ligament endpoint positions are esti-
mates would be a direct consequence of the characteristics of the
method used for subject-speciﬁc bone model estimation and may
be lower than that reported in the present study, especially for
subjects whose bone epiphyses morphology is considerably
altered by pathological conditions such as, for example, osteoar-
thritis. Whether this lower accuracy is acceptable depends, again,
on the speciﬁc application.
As concerns the shape transformation algorithm, the method
used in the present study, is the one proposed by Chaibi et al.
(2012) and Quijano et al. (2013) and its accuracy was quantiﬁed in
estimating the specimen-speciﬁc location of ligament endpoints.
This method can be considered as representative of the existing
shape transformation algorithms based on non-homogenous
scaling (Audenino et al., 1996; Brand et al., 1982; Gunay et al.,
2007; Lewis et al., 1980) which must be chosen depending on both
theoretical and practical constraints.
In this work, reference values for the ligament endpoint posi-
tions were obtained by dissecting each specimen, marking the
ligament attachment areas with radio opaque paint, and acquiring
CT images of each bone epiphysis. When ex-vivo studies are con-
sidered, this methodology may be a valid alternative to using
stereophotogrammetry or MRI data, whose accuracy has been
recently undermined (Rachmat et al., 2014). In this respect, it
should also be noted that the combined use of computed tomo-
graphy and stereoradiography allowed us to obtain specimen-
speciﬁc high-resolution information about both ligament attach-
ment areas and digital bone models in a reasonable amount of
time (about 10 min to reconstruct the attachment areas and the
femur, tibia and ﬁbula digital models for each specimen). Last but
not least, the availability of femur and tibia/ﬁbula templates
embedding information from 11 different specimens, provided an
indication of the inter-individual variability of each ligament
endpoint position that, although affected by similar measurement
errors, is not affected by scale-effects due to different bone
anthropometries.
The following limitations warrant acknowledgement in con-
sider the generalizability of current results: (a) the limited number
of specimens which, however, is comparable with that considered
in the majority of published studies focusing on similar topics and
using ex-vivo approaches; (b) the dependency of the reported
accuracy on how the anatomical information necessary to match
the femur and tibia/ﬁbula bone templates to subject-speciﬁc bone
models are obtained, as well as on the selected shape-
transformation algorithm.
In conclusion, the femur and tibia/ﬁbula bone templates made
available in this study can be used to estimate reasonably accurate
subject-speciﬁc positions of each ligament endpoint, once sufﬁ-
cient anatomical information of the bone of a given individual is
available, and without necessarily requiring the use of imaging
techniques. The obtained information may be particularly useful to
develop individualized and realistic musculoskeletal knee models
for application in research context. Moreover, when relying on
medical imaging, they can be used in a clinical context, for
example, for the planning of the ACL reconstruction surgery,
where the one of the ﬁrst cause of failure is the malposition of the
femoral tunnel (Trojani et al., 2011).
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